the pearl millet growing area of India into three different zones (A 1 , A, and B) for testing experimental hybrids bred by both public and private sectors. The A zone consists of northern and part of northwestern India, receiving >400 mm of annual rainfall. The A 1 zone consists of parts of northwestern India receiving <400 mm annual rainfall. The B zone consists of peninsular India, receiving >400 mm of annual rainfall. At present, about 75% of the pearl millet is grown in A and A 1 zones while B zone accounts for the remaining area. Experimental cultivars are tested vigorously for adaptation in these zones before their official release for cultivation.
A single cultivar of a crop can not be expected to perform well under all the environmental conditions (Rosielle and Hamblin, 1981; Ceccarelli, 1989 ) and a cultivar planted outside its zone of adaptation will suffer yield reduction due to significant genotype × location (GL) interactions. Therefore, planning of breeding and testing activities requires subdivision of the testing environments into relatively more homogeneous groups of locations, called mega-environments, where specific genotypes can be targeted for each of these groups of locations. Since pearl millet is primarily grown in marginal environments, which are stressed in a variety of ways, leading to large genotype × environment interactions, an understanding of the nature and relative contribution of genotype, locations, and GL interaction effects assumes greater importance in site selection, cultivar testing, and possible recommendation of genotypes for cultivation.
Latest statistical methods such as additive main effects and multiplicative interaction (Gauch, 1992) and genotype main effects and genotype × environment interaction (GGE) biplots (Yan and Kang, 2003; Yan and Tinker, 2006) are in use for genotype × environment data analysis. Recently, plant breeders and agronomists have found GGE biplots to be useful in mega-environment analysis (Yan and Rajcan, 2002; Casanoves et al., 2005; Samonte et al., 2005; Yan and Tinker, 2005; Dardanelli et al., 2006) and evaluation of test environments (Yan and Rajcan, 2002; Blanche and Myers, 2006; Thomason and Phillips, 2006) . Although subdivision of crop growing region into several mega-environments increases the work for breeders to breed for each mega-environment separately, it also helps select genotypes for greater yield stability within relatively well-defined and homogeneous environments and hence increases the efficiency of breeding programs by targeting genotypes to appropriate production areas (Brown et al., 1983; Peterson and Pfeiffer, 1989; Abdalla et al., 1996) . Furthermore, even if the breeding goal is wide adaptation, the best strategy would be to identify several megaenvironments and use the most effective test locations in each to select for wide adaptation (Gauch and Zobel, 1997) .
Although the present zoning of pearl millet growing region in India (A 1 , A, and B zones) for breeding and testing purposes has been done considering agroclimatic factors of different regions, no systematic study has been conducted to characterize pearl millet mega-environments based on biological criteria. The objectives of this study, based on grain yield in AICPMIP's Initial Hybrid Trial (IHT) for 3 yr, were (i) to generate information on the magnitude and pattern of GL interactions across all pearl millet growing zones of India, (ii) to identify mega-environments and the extent to which the test locations in different zones represent their respective mega-environments, and (iii) to determine the minimum number of locations at which initial evaluations should be conducted to make hybrid testing cost effective.
MATERIALS AND METHODS

Test Materials and Locations
All India Coordinated Pearl Millet Improvement Project conducts medium-maturity IHT to test 35 to 45 new experimental hybrids (both bred by public and private sectors) every year at about 30 to 35 locations across three different zones of India ( Fig.  1 ; Table 1 ). Grain yield data from this trial conducted in 2006, 2007, and 2008 were used for this study. The hybrids were evaluated using randomized complete block design with three replications at all locations following local crop management practices. The plot size was three rows of 5 m length spaced at 0.5 m. Upon maturity, all plants in a plot were harvested, panicles were sun dried for 10 to 15 d, and grain yield was determined on plot basis. Some of the locations were not common across the 3 yr. Of the 37 locations across 3 yr, 25 locations were used in all the 3 yr, eight locations were used in any 2 yr, and four locations were used in any 1 yr. Moreover, the hybrids evaluated each year were different because new hybrids are contributed by the participating centers each year. The hybrids for which data were available from all the locations in a particular year were considered for analysis. Therefore, data on 34 hybrids tested at 32 locations in 2006, 45 hybrids tested at 34 locations in 2007, and 34 hybrids tested at 29 locations in 2008 were used for this study.
Data Analysis
Analysis of variance using proc glm procedures of SAS software version 9.3 for Windows (SAS Institute, 2011) was performed yearwise to quantify the relative contribution of genotype main effects vs. GL interaction. Site regression analysis (Yan and Kang, 2003) was conducted yearwise to visualize the GL interaction patterns and the interrelationships among test locations. A two-dimensional GGE biplot (Yan and Tinker, 2006 ) that graphically depicts genotypic main effect and GL effect present in the multilocation trial data using environment centered data was constructed using GenStat 13th edition for Windows (VSN International, 2012) . The SD-scaled GGE biplot was used for grouping of environments (Yan et. al., 2007) as the focus was to study similarities among test locations. The vectors representing locations in SD-scaled biplot should be of equal or similar length if the biplot adequately displays the patterns in the data. A shorter vector is an indication that the relevant location is not strongly associated with other locations (Yan and Fregeau-Reid, 2008) . Unscaled GGE biplots were used to identify essential locations to 83.4% of the total variability due to genotype and GL interaction. Based on the GGE biplot analysis, 32 locations were partitioned into three mega-environments in 2006.
Five of the nine locations representing A 1 zone (Jodhpur [JDR], Bawal [BWL], Mandor [MDR], Bikaner [BKR1]
, and Arya Nagar [ANR]) formed one mega-environment (ME1) while four of the A 1 zone, 10 of the 12 A zone, and three of the 12 B zone locations formed a second mega-environment (ME2). Nine of the B zone locations along with one A zone location formed the third megaenvironment (ME3) ( Table 3 ; Fig. 2a ). In 2007, 34 locations were partitioned into two major mega-environments. All the nine A 1 zone locations, eight of the 12 A zone locations, and two of the 13 B zone locations clustered together to make one mega-environment (corresponding to ME2) while 11 B zone locations and four A zone locations made a separate cluster to represent another mega-environment with high discriminating power. Locations in a particular year were partitioned into groups. Locations that came together in a cluster and closely related to one another in terms of genotype performance were pooled into smaller groups. In the process to identify essential test locations, if the test locations are highly similar, it may be possible to drop a few locations without much risk of losing a significant amount of information about the genotypes. Biplots were also constructed for the identified essential test locations. The rank correlations among the test locations of a particular mega-environment were used to find the degree of closeness among them (Malla et al., 2010) .
RESULTS
Mega-Environment Analysis
Analysis of variance indicated that location main effect, genotype main effect, and GL were all highly significant in all the 3 yr ( Table 2 ). The GL interaction accounted for 70.8 (corresponding to ME3) (Table 3 ; Fig. 2b ). The five A 1 zone locations (JDR, BWL, MDR, BKR1, and ANR) were in close proximity, as observed in 2006. Interestingly, all the B zone locations clustered together in ME3, except for Buldana (BUL) and Jalgaon (JLG), which were grouped in ME2. In 2008, 29 locations were partitioned into two major clusters. All the six A 1 zone locations and 4 of 10 A 
Identifying Essential Test Locations
The test locations within each group, identified above, were significantly positively correlated (numerical correlations not presented), which suggested that the same information about the performance of hybrids can be obtained from fewer test locations as from all the locations and hence number of test locations can be reduced, leading to reduction in the testing cost. Now, assuming that groups, as mentioned in Table 4 , can be effectively represented by at least a single location, a set of essential locations were identified using multiple criteria. The main criterion was vector length in unscaled GGE biplots (not presented). Locations with longer vector length have greater discriminating power and hence would be preferred over other locations (Yan and Tinker, 2006) . If a test location was not grouped with any other location or locations, then it was considered an essential test location because it presumably represented a unique environment and would likely provide unique information about genotype performance. The availability of facilities and human resources at the selected location to conduct precision experiments was used yet an additional criterion (Yan et al., 2010) . Additionally, more essential test locations were selected from A 1 zone in comparison to other zones since A 1 zone, being more variable for climatic conditions, requires higher number of test locations for reliable assessment of the genotype performance. In 2006, BWL was selected from the first A 1 and A group (G1) owing to the longest vector that depicts high discriminating power (based on unscaled GGE biplots). It is also AICPMIP's main test location in this group. In the second group (G2), Narsanda (NSD) had longest vector followed by Sardar Krushi Nagar (SKN) and Jamnagar zone and 2 of 14 B zone locations formed one megaenvironment (corresponding to ME2) while 11 of the 14 B zone locations and six A zone locations clustered separately to form another mega-environment (corresponding to ME3) (Table 3 ; Fig. 2c ).
Differentiation of All India Coordinated Pearl Millet Improvement Project's Zonal Locations
To better understand the relationship among the A 1 and A zone locations, SD-scaled biplots containing only A 1 and A zone locations were constructed (Supplemental Fig. S1 ; Table 4 ). Some locations such as BKR1 and Shikohpur (SPR) in 2006 (Supplemental Fig. S1a) , SPR, BWL, and BKR1 in 2007 ( Supplemental Fig. S1b) , and BKR1 and New Delhi (NDL) in 2008 (Supplemental Fig. S1c ) had shorter vectors than others, indicating that these locations were not strongly associated with other locations in the respective years, and information related to these locations was not well displayed in the biplot.
All the A 1 and A zone locations were partitioned into three groups in , 2007 , and 2008 Fig.  S1a , S1b, and S1c; Table 4 ). ME1  A1  JDR, BWL, MDR, BKR1, and ANR  --A  ---B  ---ME2  A1  SKN, JPR, HSR, and ALW  JDR, BKR1, MDR, SKN, ANR, HSR (JMR). Since NSD is not strong in terms of resources, SKN and JMR were selected for being premier research centers.
In the third group (G3), Hisar (HSR) and Jaipur (JPR) were selected as both had long vectors and also both are relatively better resourced major AICPMIP centers. In the B zone groups, BJR was selected for being a unique location from G1. In G2, Hosur (HOR) had the longest vector followed by ABD3, BUL, and Coimbatore (CBE). Hosur and BUL are not strong in terms of resources and therefore ABD3 and CBE were selected for being major AICPMIP centers. Jalgaon was selected for being a unique location in G3. In 2007, ANR from A 1 and A zone in G1 had longest vector followed by Kalai (KLI), Raipur (RPR), JDR, and MDR. However, ANR, KLI, and RPR are not strong centers in terms of resources, and therefore JDR and MDR from this group were identified. The well-resourced Central Arid Zone Research Institute, a premier institute for arid agriculture research in India, is located at JDR, and MDR is the well-resourced nodal AICPMIP center. In G2, NSD had longest vector followed by Ahmedabad (AHD), JPR, JMR, and SKN. However, JPR, JMR, and SKN were identified for being major AICPMIP centers. In G3, Ludhiana (LDA) was identified for having the longest vector. Amongst B zone groups, CBE had longest vector followed by ABD3 in G1 and hence both these locations were selected. In G2, HOR had longest vector followed by Dhule (DHL), but DHL was selected for being the major AICPMIP center.
In 2008, BWL had longest vector followed by HSR in G1 of A 1 and A zone and hence both were identified. Ludhiana (with longest vector) and JMR (with long vector) were selected in G2, and BKR1 in G3 was dropped due to short vector length. In the B zone, all the locations had short vectors in G1, so no location was identified. In the second group, Ganewadi (GNW) had longest vector followed by ABD3, Aurangabad (Syngenta Seeds) (ABD4), and JLG. However, ABD3, ABD4, and JLG were identified for being well-resourced centers.
Based on 3-yr analysis, 13 essential test locations were identified, which represented the minimum set of locations required for pearl millet cultivar testing in India. 
Validation of Essential Test Locations -Identifying High Yielding Hybrids
Biplots based on data from all the test locations (Fig. 2) were compared with the ones based on the essential test locations for 2006, 2007, and 2008 (Fig. 3) . The high-yielding hybrids in an environment are visually identified as those that have projections onto the vector of the environment, which starts from the biplot origin and points to the marker of the environment. In 2006, the two highest-yielding hybrids (numbers 17 and 33) would be selected for A 1 zone, hybrids 23 and 31 would be selected for A zone, and hybrids 2 and 9 would be selected for B zone whether the selection was based on data from all the locations (Fig. 2a ) or on the set of essential test locations (Fig. 3a) . Also, hybrid 23, which was high yielding based on the data from all the locations (Fig. 2a) , was found outstanding based on data from essential test locations (Fig. 3a) .
For 2007, highest-yielding three hybrids (17, 31, and 37) would be selected for A 1 zone, five hybrids (5, 7, 23, 36, and 42) would be selected for A zone, and four hybrids (10, 14, 15, and 33) would be selected for B zone, whether the selection was based on data from all the locations (Fig. 2b) or on the set of essential test locations (Fig. 3b) .
For 2008, three highest-yielding hybrids (4, 11, and 32) would be selected for the A 1 zone, whether based on data from all the locations (Fig. 2c) or on essential test locations (Fig. 3c) . For B zone, hybrid 12 would be selected whether based on the data from all the locations or essential test locations. Also, hybrid 28, which was high-yielding based on data from all the locations (Fig. 2c) , was found outstanding based on the data from essential test locations ( Fig. 3c) . Therefore, the 13 test locations appeared to represent well the whole of pearl millet growing regions, and testing at these locations appeared to be sufficient in any given year.
DISCUSSION
Grain yield data from different sets of medium-maturity pearl millet hybrids showed that GL interaction was much greater than genotype main effect in all the 3 yr, suggesting the possible existence of mega-environments in pearl millet growing regions of India. The grouping pattern of the locations showed that nine of the AICPMIPdesignated 12 B zone locations in 2006 and 11 of the 13 B zone locations both in 2007 and 2008 clustered together, indicating that the B zone locations in peninsular India formed one separate mega-environment (ME3) in all the 3 yr, with a few exceptions of A 1 and A zone locations coming close to this mega-environment. Similarly, 8 to 10 of the 12 A zone locations in 2006 and 2007 and 6 of the 10 A zone locations in 2008 clustered together, indicating the existence of another mega-environment (ME2) in northern and northwestern India. Thus, the clustering pattern of locations across the 3 yr revealed the existence of two distinct mega-environments, each representing AICPMIP's A and B zone locations. This might be due to the contrasting differences that exist between these two zones for biophysical factors. The A zone comprises the northern states of Uttar Pradesh, Madhya Pradesh, Punjab, Delhi and parts of the northwestern states Rajasthan, Gujarat, and Haryana, which are at higher latitudes (21° N to 30° N), with Ustorthents, Ustochrepts, Chromusterts, and Halaquepts soils, higher temperatures, and longer daylength, while the B zone comprises the central-southern Indian states of Maharashtra, Karnataka, Tamil Nadu, and Andhra Pradesh, which lie at lower latitudes (10° N to 21° N), with Paleustalfs, Rhodustalfs and Haplustalfs soils, mild temperature conditions, and shorter days. Moreover, most of the hybrids evaluated in medium-maturity IHT perform reasonably well in both A and B zones due to their natural adaptation and so were able to discriminate among the locations well for genotype rankings, leading to consistent and distinct clustering pattern across years. This consistency of grouping of locations in two mega-environments was observed in spite of different sets of genotypes tested in different years. Such consistency in partitioning of locations in mega-environments based on the testing of the same set of genotypes across years has also been observed in maize (Zea mays L.) (Annicchiarico, 1997) , bread wheat (Triticum aestivum L.) (De Lacy et al., 1994) , and durum wheat (Triticum turgidum L.) (Abdalla et al., 1996) and based on testing of different subsets of genotypes (Annicchiarico et al., 1995) . Romagosa and Fox (1993) reported that multivariate analysis of new and known genotypes based on 1 yr of testing can provide reliable prediction of megaenvironments for future years. However, if there is drastic change in plant genotype, reassessment of the megaenvironments is needed (Braun et al., 1992) . Therefore, occasional review and refinement of mega-environments should be an ongoing exercise (De Lacy et al., 1994) . In case of A 1 zone, five of the nine locations clustered together, apparently forming another mega-environment in 2006, while four locations from this zone grouped with A zone locations. All the nine A 1 zone locations in 2007 clustered with the major A zone locations, and five of these (JDR, BKR1, MDR, SKN, and ANR) were in close proximity. All the six A 1 zone locations clustered together with four A zone locations in 2008. Thus, A 1 zone locations had inconsistent clustering pattern across the 3 yr. The A 1 zone comprises of parts of northwestern states of Rajasthan, Gujarat, and Haryana, and early maturing hybrids are well adapted in this zone. This zone, receiving <400 mm of annual rainfall, is highly drought prone and has Camborthids, Calciorthids, Torripsamments, Natrargids, and Salorthids soils and high temperatures. This coupled with high coefficients of variation of annual rainfall in this zone, ranging from 40 to 80% over the years, leads to frequent crop failures (Yadav et al., 2011) . The erratic rainfall pattern in A 1 zone within and between the years significantly influences pearl millet yields, and hence inconsistent location-clustering patterns across years are not unexpected in this zone. Also, application of improved crop management practices, including fertilizer and irrigation, led to grain yield levels in the A 1 zone similar to those in A zone locations in these medium-maturity hybrid evaluation trials. Hence, it is not unexpected if the A 1 zone locations did not cluster together in a mega-environment separately from the A zone locations.
Thirteen essential test locations identified based on their discriminating ability, uniqueness of the environment, and available research facilities appeared to provide a good coverage of the three pearl millet growing zones of India. MDR, JDR, SKN, HSR, BWL, and JPR represented A 1 zone, JMR and LDA represented A zone, and BJR, DHL, CBE, JLG, and ABD4 represented B zone. The six locations representing A 1 zone can also be used for testing of mediummaturity hybrids adapted to A zone as these locations grouped with locations of the A zone mega-environment in all the 3 yr. Interestingly, AICPMIP is using all the nine A 1 zone locations mentioned in this study for evaluating medium-maturity hybrids for A zone. The hybrids selected for different zones remained largely the same whether based on all-location data or based on the data from the identified 13 essential test locations. This pattern was consistent in all the 3 yr. Therefore, the best strategy for the mediummaturity hybrids would be to conduct initial hybrid testing at all of these identified 13 essential test locations to identify those for further evaluation in advance trials in specific mega-environments.
As observed from Fig. 2a, 2b, and 2c , Supplemental  Fig. S1a , S1b, and S1c, and Supplemental Fig. S2a, S2b , and S2c, hybrid 23 was identified in 2006 as the best hybrid based on all location analysis and in A 1 and B zone while it was amongst the top performers in A zone. Similarly, hybrid 28 was found to be one of the best performers based on all-location analysis and for A 1 , A and B zones separately in 2008. The hybrid 23 in 2006 and hybrid 28 in 2008 were also found overall winners based on essential test locations. This showed the possibility of some hybrids, albeit in very low frequency, having wider adaptation across the megaenvironments, thus highlighting the need of initial testing across mega-environments. Also, different sets of hybrids performed well in different zones in any particular year and so could be selected for reevaluations in advance trials in specific zone. For instance, hybrids 17 and 33 were found suitable for zone A 1 , hybrids 31 and 23 for zone A, and hybrids 9 and 2 were found winners for zone B in 2006. These results are in agreement with past experience, as most of the hybrids bred and released till date have shown zone-specific adaptation and very few hybrids have shown wider adaptation across zones. Interestingly, AICPMIP evaluates new hybrids (both from public and private sector) in hybrid evaluation trial at national level across all the test locations shown in this study in all three zones followed by further evaluation in different zones as per their zonespecific performance. Following this methodology, AICPMIP released 28 hybrids during 2000 to 2009, of which three hybrids (a small but significant proportion) with wider adaptation were released for cultivation in all the three zones and the rest were released for specific zones (Khairwal et al., 2009) . Therefore, hybrid development and release for adaptation to specific mega-environment should be, as currently followed by AICPMIP, the principal strategy, which also permits selection of hybrids with wider adaptation across the mega-environment.
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